Detection and precise localization of nano-scale structures buried beneath spin coated films are highly valuable additions to nano-fabrication technology. In principle, the topography of the final film contains information about the location of the buried features. However, it is generally believed that the relation is masked by flow effects, which lead to an upstream shift of the dry film's topography and render precise localization impossible. Here we demonstrate, theoretically and experimentally, that the flow-shift paradigm does not apply at the sub-micron scale. Specifically, we show that the resist topography is accurately obtained from a convolution operation with a symmetric Gaussian Kernel whose parameters solely depend on the resist characteristics. We exploit this finding for a 3 nm precise overlay fabrication of metal contacts to an InAs nanowire with a diameter of 27 nm using thermal scanning probe lithography.
The identification of buried features is of interest in a wide range of fields, including biology, 1 polymer physics 2 and semiconductor fabrication. 3 A number of techniques exist for detecting micron-scaled features, for example sonography and confocal microscopy. However, nondestructive options at the nanometer scale are more limited. Transmission Electron Microscopy has been shown to be capable of imaging carbon nanotubes in cells. 4 Methods based on the ubiquitous atomic force microscope offer the potential for nondestructive imaging at nanometer resolution without the need for careful sample preparation. An early AFM-based technique capable of detecting buried features employed a high-frequency acoustic wave 5 and a tip detection scheme. Recently, it has been shown that the amplitude modulation operating mode of AFM can be used to detect buried features 2, 6 beneath soft films.
The detection of objects buried beneath spin-coated films is of particular interest given the widespread use of spin coating to prepare resist films with precisely controlled thickness.
As a consequence, spin coating resides at the heart of micro-and nanofabrication and is part of many of the standard processes, in particular those involving lithography, such as pattern transfer, metal lift-off and local ion implantation. It has been shown that substrate topography leads to a disturbance of the surface of the spin-coated film. [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] The effect impairs the flatness or planarity of the final film and has long been of concern to the semiconductor industry. Previous work has shown that for large (≥ O(10 µm)) features, this relationship strongly depends on the local direction and rate of fluid flow during spin coating 17, 18 (see figure 1 ).
However, this residual topography in principal offers a straightforward means of locating existing structures buried beneath the spin-cast film using surface-sensitive techniques, such as scanning probe microscopy (SPM). Provided nanometer precision in the detection of buried feature position is possible, this approach can assist in the development of a quantitative understanding of other sub-surface techniques 19, 20 on model substrates. Moreover, precise location of features buried beneath spin-coated films would provide a direct means for addressing the critical challenge of overlay accuracy for device fabrication. Scanning probe The dependence of the film topography's amplitude at x = 0 on the wire width w. The amplitude has been normalised with respect to the height of the sub-surface feature. The circles correspond to the cross sections of (b). The length scale for the flow, λ f low (see equation (2) ), is shown by the blue dashed line. (d) Schematic contrasting the formation of film topography during the flow z(x, t f low ) and evaporation z(x, t dry ) phases over narrow (w < λ f low ) and wide (w > λ f low ) buried features. For narrow features, the topography emerges because of the shrinkage of the film's thickness h and the topography is in registry with the underlying feature (δx = 0). 21 can readily measure nanometer-scale topography as well as transfer sub-20 nm features into silicon, 22 and thus provide a unique method for nanometer-precise device fabrication.
lithography (SPL) tools
In this paper, we demonstrate that for sub-micron sized features the relationship between surface and sub-surface topography becomes independent of the flow direction. We show analytically that for the limiting case of small sub-surface topography the surface topography may be obtained by convolving this sub-surface topography with a kernel that is well approximated by a Gaussian. The model is then validated for the widely used resist
Polymethylmethacrylate (pmma) for in-plane length-scales spanning 10-1000 nm. We show that the residual topography may be predicted after calibration of the resist-solvent system and further that the topography may be enhanced by an additional solvent annealing and quenching step. Finally, we demonstrate the utility of this approach for addressing nano-scale devices by scanning probe lithography.
Results and Discussion

Phases of Spin Coating
The spin-coating process may be divided into three distinct phases, 23 see Figure 1 . The first phase involves the rapid angular acceleration of the dispensed spin-coating solution as the substrate begins to rotate. 24 Under the influence of the inertial forces, the fluid spreads on the surface. When the liquid layer has become sufficiently thin, 25 the so-called "flow phase"
begins, in which the fluid moves radially at a low Reynolds number under the influence of the inertial force. 23 The strong dependence of the flow rate on the film thickness h causes the latter to progress towards a conformal coating of the wafer. 26 If topography is present on the surface a competition arises between the surface tension, which seeks to level the film, and the inertial term, which seeks to maintain a uniform film thickness, 27 see Figure   1b . The final "evaporation phase", which was identified by Meyerhofer, 28 follows the flow phase. In the evaporation phase, flow is negligible and film thinning is dominated by solvent evaporation, see Figure 1d .
The significant difference between the in-plane and out-of-plane length scales for the film encountered in spin coating allows the reduction of the Navier Stokes and continuity equation
to the so-called Lubrication approximation 29 for the film thickness (h):
where γ is the surface tension, η is the fluid viscosity, s(x, y) (see figure 1a) is the buried topography and j is the volume of evaporated solvent per unit area. 15 For the case of spin coating, a body force term −ρω 2 r 0 e r is added to account for the rotation of the film's coordinate system. The lubrication approximation has been found to be accurate to better than 10% peak error even for flows over sharp steps whose height is on the order of the film thickness. [30] [31] [32] Previous workers have solved the coupled system of equations numerically for flat surfaces 23, 25, 28, 33, 34 and surfaces exhibiting radial symmetry but containing O(10 µm)-sized features.
12,13
Useful insight into the relevant in-plane length scale for the flow phase (λ f low ) may be obtained from the approximate analytical solutions of refs. 11 and 14 for the flow phase.
The authors show that the flow over a radially symmetric step located at x = 0 may be constructed from a set of three linearly independent terms which decay as exp(−α|x|/λ f low ).
α is a constant of order unity and λ f low is given by
where ρ is the fluid density, ω is the sample's angular velocity, and r 0 is the radial position Final Topography: Small Structures (w ≪ λ f low )
For features whose width is less than ≃ 1µm (see figure 1c) , the topography present in the film surface as the evaporation phase begins is a few percent of the sub-surface topography.
As such, its contribution to the surface topography of the dry film is dominated by the additional topography emerging during the evaporation phase. Previous workers 8, 11 have made the assumption that the topography formed during the evaporation phase may be calculated by assuming a uniform shrinkage of the film present as the evaporation phase starts. Here we refine this assumption by observing that it predicts the transfer of sharp step-like features from the sub-surface topography to the film topography. The development of such a sharply curved surface would be opposed by the surface tension, which would cause the film to flow, see Figure 2 . The competition between evaporation-driven topography formation and capillary flattening proceeds until the polymer matrix becomes glassy and solvent evaporation ceases.
Analytical Solution
We make several approximations to allow for an analytical treatment of the evaporation phase. Firstly, the body-force term is assumed to be negligible during this phase. Secondly, we retain the assumption used for large structures that the loss of solvent per unit area is proportional to the film thickness at the end of the flow phase. Thus the evaporation term in equation (1) becomes
where q(t) is the evaporation rate per unit initial film thickness during the evaporation phase, t f is the time at which the flow phase ends and h f is the film thickness far from any topographic features at t = t f . Equation (1) can now be solved for the approximation of equation (3) and for s << h via an asymptotic expansion. The rapidly varying viscosity is treated as a known function of time η(t) at this stage. This yields the pair of equations for the first two terms in the expansion where h = h 0 (t) + h 1 (x, y, t) and z 1 = h 1 + s:
Given q(t), equation (4) may be integrated to obtain the uniform thinning of the film due to evaporation. Equation (5) can also be readily integrated by first defining a re-scaled time parameter τ to accommodate the changing mobility of the film with h 0 (t) and η(t):
Note that the viscosity eventually diverges so that τ goes to some finite value τ e as t → ∞ .
Substituting this change of variable into equation (5) yields
q.
The variable Q 0 describes the evaporation rate scaled by the film's ability to flow in the face of the emerging topography. We are interested in the profile of the dry film z e , which is given
where * denotes convolution and K is the Green's function for equation (7):
where J 0 is a Bessel's function of the first kind.
The usefulness of preceeding analysis is derived from the insensitivity of the shape of K τ to the form of Q 0 (τ ). Figure 2b shows three quite different profiles for Q 0 . Figure 2c shows the corresponding values for K τ for each case. Each of these curves is well approximated a The variation of the surface tension with solvent concentration can also be handled by conceptually making γ(t). This does not account for the O(s) in-plane variation of the concentration required to achieve the faster evaporation rate.
by a Gaussian, with the exception of the evanescent small amplitude oscillations at large r.
Thus K τ may be described in terms of just two parameters, the Gaussian's width σ and its amplitude R:
Case III of figure 2b is likely closest to the physical Q 0 (τ ), which corresponds to a formation of topography towards the end of the evaporation phase when the film is relatively less able to level itself. Initially the rate of solvent loss is controlled by evaporation from the film interface. 12, 23 As such, q in equation (7) will fall linearly with the solvent concentration φ. 35 As φ falls, η will increase as a power law 13, 28, 33, 36 in (1-φ) with an exponent x of 2.3 ≤ x ≤ 4. It may also be readily shown that during the evaporation phase
At some value of φ, or equivalently τ , η/h 3 0 will, if plotted on a linear scale, rise rapidly. This corresponds to the left-hand edge of the pulse shown in figure 2b . The value of Q 0 will be limited by the falling q. Its rate of reduction is accelerated by the declining diffusivity of the solvent in the solution. Initially this diffusivity is rather insensitive to the falling concentration;
23 however below a critical concentration, the diffusivity drops rapidly. For solutions of Polystyrene and Toluene, this critical concentration was identified as ≃20%.
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At this concentration it may be anticipated that the polymer matrix has begun to form and that τ has reached τ e , signaling the end of the evaporation phase.
In this section, we have derived a simple description of the relationship between the buried and the dry film topography after spin coating. In contrast to solutions obtained on large structures, where the flow phase dominates topography formation, the film topography is predicted to be vertically aligned with that of the substrate. In a complete calculation, the dependence of the solvent diffusivity and the solution viscosity must first be measured as a function of solvent concentration. In contrast, here the model is parameterised by a measurement of σ and R for the film thickness of interest. Similar results were also obtained for solutions with concentrations varying from 1% to 3% spin coated over the wire structures shown in figure 3a. We measured the topography and used a least squares fit to identify the values of σ and R for each concentration, see figure 3e and f. σ, which is representative of the length scale for the flow during the evaporation phase, increases with increasing film thickness. This makes conceptual sense, given the strong (h 3 )
Model Validation
dependence of the flow rate on the film thickness which increases with concentration. We likely do not observe a cubic dependence because the strong sensitivity of the viscosity on the concentration partially cancels the h 3 term. The dependence of R on the concentration also makes intuitive sense. More concentrated solutions, which lead to thicker films, result in greater planarisation of the surface.
Using interpolation of the data presented in figure 3f , the Kernel function for a film spun from a pmma solution of arbitrary initial concentration may be calculated. Knowledge of this Kernel in turn allows prediction of the dry-film topography for an arbitrary subsurface topography, provided w ≪ λ f low . To test the predictive power of our model, we dispersed InAs nanowires onto a silicon substrate. One such wire having a diameter of 27 nm and a length of roughly 6 µm is shown in figure 4a . We spin coated a 60 nm pmma film onto the surface, which corresponded to a pmma concentration of 1.5%. The surface topography of the wire after the spin-coating process is shown in figure 4b. The measured cross section of the wire is indicated by the red circles in figure 4d . Figure 4c shows the predicted topography amplitude over the nanowire for two film thicknesses and a range of nanowire diameters. Linear interpolation was used in the calculation, and the nanowire cross section was approximated as a square of side w. The experimental result, corresponding to w = 27 nm, is also shown in figure 4c. The predicted cross section is shown as the black line in figure 4d.
There is good agreement between the predicted and measured cross sections. The error in the peak height is just 10%. This is particularly encouraging because the Kernel was parameterised using measurements on a structure that was more than an order of magnitude larger than the nanowire. The red line in figure 4e shows the least squares fit of a Gaussian to this experimental data. The high fit quality may be anticipated as the nanowire is much narrower than K τ . As such, the topographic feature behaves like the Dirac distribution, so that the measured cross-section is approximately y K τ dy, which is itself a Gaussian function. The result provides direct evidence that the form derived for K τ is appropriate.
The value of σ interpolated from the calibration data was 80 nm, which is in good agreement with the fitted value of 68 nm. A similar accuracy could be achieved when treating the inverse problem of re-constructing the buried topography from the measured film topography b .
b Of course, the usual limitations would apply to the recovery of spatial frequencies above 1/σ.
We note that so-called tip convolution effects, 37 which are a well known source of artifacts in AFM images, will not affect the results discussed here. Our homemade tSPL probes have a typical radius of 5 nm (see figure S10a) which is significantly less than the measured value for σ. Thus, as shown in the supporting information, the effect of tip convolution on our measured film topographies (see figures S9 and S10) is negligible.
Our spin-coating model predicts that the width of K τ should be reduced if the evaporation process is sped up. To investigate this experimentally, we swelled the film shown in figure   4b in saturated dichloromethane (DCM) vapour for several minutes. The cross section of the nanowire was then re-measured using AFM. The results of this measurement are
shown by the blue circles in figure 4d . Assuming that in the swollen state the capillary forces are able to flatten the surface of the film, we expect the same physics to control the topography formation as in the case of spin coating. Consequently, the cross section of the film topography above the wire (blue line, figure 4d ) is once again well fitted by a Gaussian.
The fitted value of σ is smaller by a factor of 0.47, which is consistent with the higher vapor pressure of DCM (360 kPa) as compared to anisol (46 kPa). This experimental result is of significant technological value. Use of this volatile solvent has enhanced both the amplitude and the sharpness of the pattern, allowing it to be more accurately detected in the AFM.
Exposure after spinning avoids the difficulties associated with spinning from a highly volatile solvent that can lead to films exhibiting high surface roughness.
38,39
The theory outlined so far provides a simple means of predicting how the topography over a buried feature will change as the thickness of the spin coated layer increases. As the layer becomes thicker, the signal will become weaker and will eventually become lost in the detection noise. The detection noise originates from the electronic noise of the instrument and the surface roughness of the spin-coated polymer. 42 The problem of predicting the error in feature position due to noise has been considered previously, and details are given in ref.
41. 
Application
We close by applying our markerless overlay approach to the fabrication of electrodes used to contact a nanowire. The transfer of a pattern from the resist layer to the substrate provides a direct experimental means of confirming that the resist topography is not shifted with respect to buried features. Figure 5a shows the expected error when detecting the transverse position of the nanowire as a function of the film thickness. 41 A pmma film thickness of 60 nm was selected to balance the requirements of overlay accuracy and succesful lift-off of the evaporated metal film. After the spin-coating process, the nanowire was exposed to the DCM atmosphere, which resulted in an improvement in the amplitude and sharpness of the pattern. These improvements reduced the expected position detection error when locating the position of the wire to less than 1 nm (see figure 5a ). ures S6-S8). The overlay error perpendicular to the wire's long axis was measured as 2.9 nm, which compares favourably with the wire's diameter of 27 nm. This value is somewhat larger than the expected correlation error. This is likely due to three factors. The first is the error in the tSPL instrument which has been measured as 1.1 nm. 41 The second is that the sputtering of the SiOx layer damaged the pmma surface, leading to a higher surface roughness c .
Finally, the reactive ion etch has introduced some edge roughness. While this overlay error may not achieve the limit expected for the tool, it does provide further evidence that the topography of the dry film is precisely aligned with the sub-surface topograpy.
Conclusion
In this paper, we have shown theoretically and experimentally that spin coating across structures of feature widths w ≪ λ f low ≃ 20 µm results in a residual topography that is vertically aligned to the buried features. This alignment occurs because at this length scale, the flow phase of the spin-coating process does contribute significantly to the topography of the dry film. Even for nanoscaled buried features the perturbation of the dry film topography may be readily measured using an AFM. The lateral position of buried features can therefore be determined using cross correlation with sub-nanometer accuracy. Good prediction of the final topography is possible by simply convolving the buried topography with a Gaussian
Kernel. The Kernel may be parameterised through measurements on arbitrary features for which w ≪ λ f low . Using insight gained from the model, we have proposed a simple post-spin processing step whereby the dry film is exposed to a highly volatile solvent. In our case, this process reduced the detection error for the buried feature by a factor of three to a value of less than 1 nm. Finally, we demonstrated the technological relevance of this work by performing markerless lithographic overlay onto a nanowire. We achieve an overlay error below 3 nm or roughly one tenth of the nanowire diameter. This opens up a number of exciting possibilities in the experimental investigation of nanostructures.
Methods
Calculation of fluid flows over wires
The profiles of figures 1b and 1c were obtained by solving equation ( 
Spin Coating
Substrates with topography were prepared from silicon wafers using optical lithography. 
tSPL patterning
The thermal Scanning Probe Lithography (tSPL) was performed on our home-made system, which has been described in detail elsewhere. 43, 44 Our homemade tSPL tool can locally remove the resist, polyphthaladehyde, by means of a tip that has a typical diameter of 10 nm which is heated several hundred degrees centrigrade. The structured deposition of the nickel layer was achieved using a standard pmma lift-off process. The details of the transfer of the pattern written in the PPA layer into the pmma layer are summarised in the supplemental information (see figure S1 ) and provided in detail in ref. 22 . The details of the pattern-overlay process are given in ref. 41 .
